Abstract: Cells may be captured and released using a photodegradable hydrogel (photogel) functionalized with antibodies. Photogel substrates were used to first isolate human CD4 or CD8 T-cells from a heterogeneous cell suspension and then to release desired cells or groups of cells by UV-induced photodegradation. Flow cytometry analysis of the retrieved cells revealed approximately 95 % purity of CD4 and CD8 T-cells, suggesting that this substrate had excellent specificity. To demonstrate the possibility of sorting cells according to their function, photogel substrates that were functionalized with anti-CD4 and anti-TNF-a antibodies were prepared. Single cells captured and stimulated on such substrates were identified by the fluorescence "halo" after immunofluorescent staining and could be retrieved by site-specific exposure to UV light through a microscope objective. Overall, it was demonstrated that functional photodegradable hydrogels enable the capture, analysis, and sorting of live cells.
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Thepresenceofspecificcellsinbodilyfluidsandthefunction of these cells may serve as diagnostic markers of infections or malignancies.
[1] This is particularly true for immune cell analysis, as the diagnosis of the acquired immune deficiency syndrome (AIDS) is based on the enumeration of CD4 T-cells, whereas latent tuberculosis (TB) is determined by identifying cytokine-producing CD4 T-cells.
[2] Microengineered surfaces and microfluidic devices offer multiple advantages for the analysis of immune cells in comparison to standard immunological techniques. These advantages are related to small volumes, controlled washing conditions, miniature size of the device, and multiplexing capabilities. [3] However, the ability to capture various immune cells and analyze the function of these cells needs to be combined with the possibility of selectively retrieving cells of interest by making use of either their surface marker expression or function. For example, physicochemical stimulation (e.g., exposure to EDTA or enzymes or temperature control) can be applied to retrieve cells from the surfaces.
[4] Alternatively, cells can be electrochemically released from electrodes. [5] However, these methods often threaten cell viability because of harsh and physiologically unfavorable conditions, and may be suboptimal for selective cell retrieval. Light-triggered cell retrieval is particularly promising as it may be used for the high-throughput retrieval of small groups of cells or single cells.
[6] Photolabile molecules containing ortho-nitrobenzyl moieties are particularly appealing as photolabile groups because they may be degraded by 365 nm UV light and cause minimal damage to biomolecules or living cells, including Tcells, human umbilical vascular endothelial cells (HUVECs), human leukemic cells, cervical carcinoma cells, and human mesenchymal stem cells. [7] Our group has previously utilized surfaces that contain cell-capture antibodies linked to orthonitrobenzyl moieties for the capture and release of cells; [6a] however, we encountered non-specific binding and fouling issues with this approach. At the same time, we have been making extensive use of poly(ethylene glycol) (PEG) hydrogels as non-fouling coatings for the printing of antibody arrays and the capture of immune cells.
[8] Herein, we describe the development of an antibody-functionalized photodegradable PEG hydrogel; we hypothesized that such a coating should lead to excellent non-fouling properties while additionally enabling site-specific cell release.
A photodegradable PEG hydrogel or "photogel" consists of PEG cross-linked by photolabile moieties (for the synthesis of photolabile cross-linkers, see the Supporting Information, Figure S1 ). [9] Figure 1 reveals several aspects related to the micropatterning of the photogel surfaces: 1) Pattern transfer from photomask to photogel occurred with high fidelity (Figure 1 a, b) . 2) The photogel was efficiently degraded and removed (see Figure 1 c for an image of the fluorescently labeled gel). The dark regions, which correspond to degraded gel, and the red fluorescent regions, which correspond to retained gel, can be clearly distinguished.
3) The non-fouling properties of the photogel were confirmed by the selective adsorption of fluorescein isothiocyanate (FITC) labeled collagen I and 3T3 fibroblasts in the regions where the gel was degraded and the underlying glass substrate was exposed (Figure 1 d-f ). Limited adsorption of proteins or cells was seen on the photogel. Through optimization experiments that are described in detail in the Supporting Information and Figure S2 , we arrived at the following procedure for gel formation and gel degradation. The photogel was grafted on acrylated glass surfaces by radical polymerization initiated by ammonium persulfate (AP) and tetramethylethylenediamine (TEMED). Regions of the photogel on the glass surface were then exposed to 365 nm UV light from a fluorescence microscope for various exposure times. The photodegradation efficiency was determined by measuring the degraded area as a function of exposure time. The photodegradation amounted to more than 95 % after 20 seconds of exposure (600 mW cm À2 ). Importantly, a simple adjustment of microscope aperture allowed modulating the diameter of the exposure area from 50 to 200 mm, offering the possibility to address small groups of cells or single cells ( Figure S3) .
Having verified the non-fouling properties of the photogel, we used this material as a coating for printing antibody arrays and capturing T-cells from a peripheral blood mononuclear cell (PBMC) suspension. To enable the covalent linkage of antibodies, the photogel was functionalized with N-hydroxysuccinimide (NHS) ester using NHS-PEG-acrylate. Figure 2 a describes the experiment procedure, according to which antibody spots specific to CD4 and CD8 T-cells were robotically printed on the hydrogels, resulting in the formation of spots with a diameter of approximately 150 mm. These patterned substrates were incorporated into microfluidic devices and perfused with a PBMC suspension, which resulted in the capture of CD4 and CD8 T-cells on their respective antibody spots. Bright-field images of the captured T-cells are shown in Figure 2 b, whereas fluorescence images recorded after staining the CD3, CD4, and CD8 antigens are presented in Figure S4 . The latter images demonstrate the capture of CD3 + CD4 + T-cells on anti-CD4 spots and the capture of CD3 + CD8 + T-cells on anti-CD8 cells (see the Supporting Information for details). Importantly, the underlying substrate could be degraded to release a specific group of cells (Figure 2 c) . The exposed gel region gradually degraded, and CD8 T-cells detached from the surface over the course of one hour (Figure 2 b, c; for a video of the cell release, see the Supporting Information). The photodegradable substrate afforded the possibility of releasing groups of cells sequentially, one after another ( Figure S5 ). Live/dead Figure S6 ).
To rigorously demonstrate the purity of the T-cells, photogel surfaces were exposed to UV light to degrade the gel and collect the cells. These cells were then stained with FITC-anti-CD3 and phycoerythrin (PE)-anti-CD4 in the case of CD4 T-cells or FITC-anti-CD3 and with PE-anti-CD8 for CD8 T-cells. Flow cytometry indicated that 96 % of the CD4 cells and 94 % of the CD8 cells collected from the capture surface after photodegradation were CD3 + CD4 + and CD3 + CD8 + cells, whereas in the PMBC suspension before separation, these cells were present in 47 % and 25 %, respectively (Figure 3 ; see also Figure S7 ). These purity results are comparable to the cell-capture purity with nondegradable PEG hydrogel (95-97 %) as well as to those obtained with commercial T-cell isolation kits (above 90 %). [10] The ability to release desired cells on command is particularly appealing for single-cell analysis. Figure 4 a demonstrates a method for detecting secreted molecules from single captured leukocytes. Anti-human CD4 and antitumor necrosis factor-a (TNF-a) antibody spots (1 mm diameter) were co-printed on top of a photodegradable gel layer. Incubation of the photogel with a PBMC suspension resulted in the selective capture of CD4-expressing cells on the antibody spots. [11] TNF-a, which was secreted upon mitogenic stimulation, was then detected by immunofluorescent staining with the secondary antibody ( Figure 4 b; see Figure S8 for a full image). Functional heterogeneity among the CD4 T-cell subsets was apparent, with large differences in TNFa production from cell to cell (Figure 4 b, c ). An individual cell that produces a strong fluorescence signal on the photogel could then be released by sitespecific UV exposure (Figure 4 d, e) , demonstrating that this detection and release method is a promising platform for single-cell research. [12] In fact, the approach described in Figure 4 is similar to the enzyme-linked immunosorbent spot (ELISpot) assay, [13] a well-established immunological technique, but offers several advantages: 1) Modifying a gel with cell-specific antibodies allows to capture a desired cell subset (in this case, CD4 T-cells) from a heterogeneous cell suspension. 2) Unlike ELISpot, where only a footprint of the cell is present, our approach allows to retain the cell along with its cytokine "halo".
3) The use of a photodegradable gel allows the detection of cells of interest based on their function and the release of these cells for downstream analysis, which could entail gene expression studies or continued cultivation.
In conclusion, we have developed a strategy for isolating and sorting cells using photogel-covered substrates. Printing leukocyte-specific antibodies enabled the capture of specific cell subsets as well as the detection of cytokines secreted by the cells. Regiospecific degradation of the photogel allowed the release of small groups of cells or single cells of interest from the capture surface. This sorting method did not compromise T-cell viability. [6, 7] This strategy offers a novel means of releasing cells from culture/capture surfaces for downstream analysis and recultivation. Even though this project focused on the antibody-based capture of leukocytes, the proposed sorting strategy is broadly applicable to the immobilization of adhesive ligands, cell culturing, and cell retrieval by degradation of the underlying substrate. 2) Cells that produce TNF-a are released by exposure to UV light. b) TNF-a secretion was detected from single cells captured on the photogel. Based on the heterogeneity of TNF-a secretion within the cell population, very productive cells could be identified (bright red spots). c) Enlarged bright-field merged fluorescence TNF-a image. d, e) A single CD4 cell that produces a strong fluorescence signal (indicated with an arrow) was exposed to UV light and released.
